Abstract. Excess carrier dynamics in 6H-SiC substrates with n-and p-type doping were detected using femtosecond pump-probe measurements with supercontinuum probing. Band-to-band recombination and carrier trapping were determined as the main recombination processes in both materials. Spectral fingerprints corresponding to each of these recombination components were obtained using the global and target analysis. It was shown that, in spite of background doping, the band-to-band recombination in 6H-SiC is dominated by the excess electron absorption component and the carrier trapping is dominated by the excess hole absorption.
Introduction
Improved understanding about carrier recombination dynamics plays a key role in advancing SiC devices. It was shown that the time-resolved pump-probe technique based on the free carrier absorption (FCA) principle is a comprehensive optical tool for detecting nonlinear carrier decays in many SiC polytypes [1, 2] . Analysis of such decays provided parameters related to processes of band-to-band and intra-band transitions, surface recombination, Auger recombination and trapping. Most of the FCA pump-probe measurements in SiC were, however, carried using monochromatic probe beams at a specific wavelength. Expansion of the FCA probing over a broad spectral range can provide considerable information about electronic transitions relevant to carrier transport. It was shown, for example, that time constants related to inter-band electron-phonon scattering processes in 4H-and 6H-SiC can be obtained by studying inter-conduction band carrier dynamics using white light probe beam [3, 4] . In this work we demonstrate how the same white light probe generated by ultrafast pulses in sapphire crystals (supercontinuum generation [5] ) is used to observe interplay between majority and minority carriers in 6H-SiC substrates during different recombination processes.
Experiments
Pump-probe experiments were based on the 50 fs duration pulses produced by the 800 nm Ti:Sapphire laser. Pump beam was sent through an optical parametric amplifier providing tunable excitation in a visible range. Probe beam was sent through a delay stage (up to 9ns) and directed into a thin sapphire plate for the generation of a broad supercontinuum spectrum also in a visible range. The two beams were focused to < 200 µm spots and overlapped on a sample surface within a tight < 2 o angle with respect to a surface normal. FCA signals induced in the probe beam at different probe wavelengths were registered using a spectrometer and a Si detector arrangement. 3D representation of a typical FCA data set obtained in the pump-probe measurements is illustrated in Fig. 1 for the n-type 6H-SiC sample after excitation at 380 nm. All data sets were corrected for optical dispersion by normalizing the arrival of the excitation pulses at different wavelengths to 0 ps on the time scale. Two samples with optically transparent surfaces were prepared for the measurements from the n-and p-type 6H-SiC substrates of the 410 µm and 370 µm thickness, respectively. Doping in both samples was around 1e18 cm -3 and their c-axes were oriented perpendicularly to the probed surfaces (E ⊥ c polarization condition).
Data analysis
Temporal. Fig. 2 a) compares representative carrier decays detected in the n-and p-type samples at the single probe wavelength of 600 nm for the two excitation wavelengths of 380 nm and 420 nm. Samples of both types showed similar behavior with the fast components (lifetimes τ < 1 ns) in the beginning of the decays subsequently transforming into the slow components (τ > 10 ns). Such recombination behavior is typical for SiC substrates [6] where the initial component can be prescribed to the band-to-band (BB) recombination and the subsequent one can be attributed to trapping (TR) processes. Presence of the fast components in experiments using different excitation wavelengths also ruled out involvement of the surface recombination. Band-to-band absorption coefficient at 380 nm is 400 cm -1 and implies the near surface excitation with the carrier concentration of ~1e19 cm -3 . Band-toband absorption coefficient at 420 nm is 7 cm -1 and implies the bulk excitation with the average concentration of ~5e17 cm -3 . Finally, the nature of two recombination mechanisms was also confirmed by the measurements with varying excitation energies ( Fig. 2. b) showing, as expected, that the magnitude of the BB component strongly depends on the excitation energy while the TR component is saturating at a particular level.
Spectral. Spectral fingerprints corresponding to the BB and TR recombination were extracted using the global and target analysis (GTA) [7] which assumes linear rate kinetics for discreet temporal components and assigns individual spectra to each of them. The temporal GTA fits for different experiments are shown by the solid lines in Fig. 2 a) with the corresponding lifetime paremeters of the BB and TR components being summarized in Table I . The spectra assigned by GTA to each component are shown in Fig. 3 a) and b) for the BB and TR processes, respectively. The spectra were normalized at the highest value and shifted vertically for the 420 nm wavelength for clarity. The extracted results (blue and red curves) are compared to the absorption spectra available in literature (black curves). The "electron" and "hole" labeled curves were obtained by fitting the literature transmission data in n-and p-type 6H-SiC shown by symbols in Fig. 4 [8,9 ]. The electron and hole spectra have distinct differences in their shape in the E ⊥ c polarization case. The hole absorption shows steady increase with decreasing energy below the material band gap while the electron absorption has a distinct peak at 1.9 eV originating from the intra-band c 1 → c 4 transition from the lowest conduction band state to the higher state [8] . It is clear from Fig. 3 that the electron spectra provide much better fit to the where σ n (λ) and σ p (λ) are the FCA cross sections for electrons and holes, respectively, and I 0 is the background FCA absorption induced in the sample by doping concentration N n(p) . During the BB recombination, the shape of the FCA spectrum depends on the ratio between σ n and σ p for a particular wavelength λ as the ∆n = ∆p condition is maintained. The striking similarity of the experimental spectra to the electron absorption fit suggests thatσ n >> σ p in 6H-SiC. This contradicts the σ n << σ p conclusion obtained from the calibration in doped 6H substrates [10] . This observation urges for an independent calibration of these parameters for excess free carriers induced by external light source. During the TR recombination, it is commonly assumed that the minority carriers are Fig. 3 Comparison between the GTA extracted spectra (blue and red curves) and the literature available spectra for the electron and hole absorption (black curves) for the a) BB and b) TR recombination.
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trapped while the majority carriers remain within the bands until the recombination moment. The similarity between the experimental spectra and the hole absorption fit in the p-type sample is in general agreement with this assumption. In the n-type sample, however, the signature of majority electrons looks to be entangled with the hole absorption suggesting a more complicated carrier dynamics relation. For example, such hypothesis as the existence of several equivalent traps for both electrons and holes due to doping compensation mechanisms should be examined.
Summary
It was demonstrated that supercontinuum probing available in femtosecond pump-probe measurements provides unique possibilities for tracking carrier population of different electronic states during distinct recombination processes in 6H-SiC. Even more comprehensive conclusions are expected if extending supercontinuum probing to infrared range and by using different light polarization conditions with respect to the c-axis. 
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